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Abstract Various radioisotope imaging techniques have been used at the Graduate
School of Agricultural and Life Sciences, University of Tokyo, to analyze samples
containing radiocesium (137Cs and 134Cs). There are two types of samples: (1) envi-
ronmental samples contaminated by the fallout from the Fukushima Daiichi nuclear
power plant accident, which contain relatively low concentrations of radiocesium and
(2) laboratory samples from tracer experiments conducted at the radioisotope institu-
tion containing relatively high concentrations of 137Cs. The first technique used to
visualize radiocesium in soil and plants was radioluminography (RLG). RLG, which
makes use of an imaging plate, has a dynamic range that is large enough to detect both
environmental and tracer-added samples. To quantify radiocesium distributions, the
samples were frozen and sliced before contact with the imaging plate. This freezing
procedure after sampling is for preventing radiocesium movement during slicing and
measurement of 137Cs distribution. After slicing, two detection methods were
employed: RLG and microautoradiography (MAR). MAR is the conventional and
older method for imaging radioisotopes based on the daguerreotype process. We
applied this method to frozen sections and obtained 137Cs distributions at a higher
resolution than with RLG. Following this, we employed a non-destructive method for
imaging 137Cs movement in a living plant. We developed the visualization technique
called real-time radioisotope imaging system and then demonstrated 137Cs movement
from soil to rice plants using a chamber containing paddy soil, water, and rice plants.
Lastly, 42K obtained by 42Ar–42K generation enabled a comparison between the
movement of 137Cs and 42K. The mechanism of Cs transport has been reported to
have some relationship with the K transport system, so experiments using both 137Cs
and 42K would be useful for clarifying the mechanism in more detail.
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19.1 Radioluminography
19.1.1 Radioluminography Using an Imaging Plate
Radioluminography (RLG) is a type of autoradiography (ARG) based on stimulated
luminescence and is widely used to visualize radiation from samples. Before the
RLG technique was established, ARG using X-ray film was employed for visual-
ization, despite its difficulties in handling, low quantitativity, and low sensitivity.
We used the imaging plate (IP) (Fuji Film) as a stimulable phosphor plate because it
has the advantage of a wide dynamic range of determination, re-usability, and high
sensitivity.
There are many techniques available for detecting 137Cs in samples and for
measuring gamma ray emissions. For example, the germanium semiconductor
detector and sodium iodide scintillation counter are often used for general deter-
minations. These techniques are more suitable for 137Cs determination compared to
ARG because ARG mainly detects the beta rays of 137Cs, which are easily self-
absorbed in thick samples Nevertheless, ARG using an IP (i.e., RLG) has been a
useful technique for observing 137Cs distribution in thin samples from fields in
Fukushima or in samples from the radioisotope laboratory. RLG has been used to
quantify 137Cs and other nuclides in plant samples (Kanno et al. 2007; Sugita
et al. 2014).
A sample is placed in contact with the IP for a period of time that is dependent on
the radiation level in the sample. During sample exposure to the IP, radiation
photostimulates the fluorescent material attached to the IP and a radiation image
is recorded. The radiation image is then analyzed by a He–Ne laser-based imaging
system. The photostimulated fluorescent material releases its fluorescence as it is
scanned by the laser, and the fluorescence is sequentially detected and digitized by
the imaging system. The intensity of the fluorescence is called the photostimulated
luminescence value, which has a linear relationship with radiation intensity up to at
least five orders of magnitude. Conveniently, the afterimage on the IP can be
eliminated by white fluorescence; hence, the IP can be used repeatedly. The
sensitivity of the IP was more than 10 times higher than X-ray film, even though
the exposure time for the environmental samples was longer on the latter due to
their low radiocesium activity. To detect low radiocesium activity, we performed
the exposure inside a shield made of lead and copper at around 4 C (Fig. 19.1). The
shield is expected to prevent exposure to background radiation and the low tem-
perature can reduce fading during the long exposure time (Suzuki et al. 1997).
Because the RLG technique is easy to handle and generic in life science
research, many samples derived from the Fukushima Daiichi nuclear power plant
accident have been examined, which include the following: leaves of Japanese
Beech (Fagus crenata) and needles of Japanese Black Pine (Pinus thunbergii)
(Koizumi et al. 2013); soil, bamboo, and mushroom (Niimura et al. 2014); branches
and leaves of Cryptomeria japonica, branches and leaves of Thujopsis dolabrata
var. hondae, branches and leaves of Prunus percica, branches and roots of Morus
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alba, lichen Permotrema tinctorum, and internodes and shoots of Phyllostachys
bambusoides (Sakamoto et al. 2013); skeletal muscle of pig (Yamaguchi
et al. 2013); green onion, carrot, and lettuce (Isobe et al. 2013); leaves of
C. japonica, fallen leaves of Quercus serrata, and fallen leaves of Pedicularis
densiflora (Tanaka et al. 2013); soil particles (Mukai et al. 2014); leaves of Sasa
palmate, Taxus cuspidate, Quercus serrate, Trifolium spp., and Equisetum arvense
(Mimura et al. 2014); leaves of cabbage and spinach (Shiba et al. 2013); leaves of
bamboo and oak, and trunks of cedar tree and pine tree (Nakajima et al. 2014);
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Fig. 19.1 The lead shield employed for detecting the low level of radiation
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et al. 2014); filters (Zeissler et al. 2013); leaves and ears of wheat and barley (Tanoi
et al. 2011; Tanoi 2013); soil, leaves of wheat, branches, leaves and fruits of peach,
and rice plants (Nakanishi et al. 2012); bark of Rhus vernicifera DC. (Mori
et al. 2012); bamboo (Phyllostachys reticulate (Rupr.) K. Koch) (Nakanishi
et al. 2014); and branches of peach (Takata et al. 2012).
Most of the radioluminograms pointed out that direct contamination was
observed as dots on leaves as well as on soils (Fig. 19.2), these dots having been
observed as long as several years after the Fukushima Daiichi nuclear power plant
accident. On the other hand, some images, such as rice plants (Nakanishi
et al. 2012) and bamboo shoots (Nakanishi et al. 2014), showed a radiocesium
distribution indicating possible (cesium) transportation inside/within the plant.
Fig. 19.2 The example of radiocesium image of barley leaves in May 2011 by radioluminography
(RLG)
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19.1.2 Radioluminography with Frozen Sections
The RLG images mentioned in the previous paragraph indicate how the contami-
nated nuclides were distributed in a sample at a centimeter or subcentimeter
resolution (Fig. 19.3). To visualize the contamination in more details, it is necessary
The branch of the peach tree 
was sampled in June 2011.
The branch was exposed to an IP directly.
The branch was kept under frozen condion. And the cross 








Fig. 19.3 The different procedures between general RLG① and RLG with frozen sections②
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Fig. 19.4 The 3D construction from the sequential frozen sections in RLG. The sample shown
here is a brown rice fed by 137Cs
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to place the sample closer to the IP; hence, flat sections are important for high
definition RLG imaging. However, the ionic form of nuclides, especially
radiocesium, can move inside the plant during sectioning, such as during fixation
and dehydration. For these reasons, we performed RLG on frozen samples to
diminish radionuclide movement. The samples were immediately frozen with
liquid nitrogen after slicing and stored at 20 C until RLG imaging. We observed
degree of contamination in peach tree bark samples from 2011, but most of the
environmental samples were less contaminated and it was difficult to detect radi-
ation in the thin sections. In general, frozen section imaging by RLG was applied to
a laboratory experiment where we controlled the radionuclide levels in the samples.
The good correlation between radionuclide activity and photostimulated lumi-
nescence value for RLG with an IP allows the construction of three-dimensional
(3D) images using sequential sections. For example, a rice plant was supplied with
137Cs via the roots several days after flowering; the brown rice was sampled when
the rice grain was mature and subsequently embedded in resin under freezing
conditions. Also, preparation of sequential sections and exposure to an IP were
performed under freezing conditions. After contact, the IP was scanned with the
analyzer to obtain the radioluminograms and the 137Cs distribution was
reconstructed in 3D using Image J software (Fig. 19.4). The 137Cs tended to
accumulate in the embryo bud and outer bran layer.
19.2 Microautoradiography
Microautoradiography (MAR) is based on a technique that was used to take
photographs several decades ago. The distribution of radionuclides can be visual-
ized in greater detail by MAR than with RLG, although RLG has a greater
quantitative ability and sensitivity than MAR. For these reasons, MAR is only
performed to obtain finer images and for higher resolution of radionuclide
distribution.
It is necessary to freeze the sample for the MAR procedure, similarly to RLG
with frozen sections so, we have developed the MAR technique using/under frozen
conditions (Hirose et al. 2014). Using MAR, we observed/could observe the 137Cs
distribution in a rice grain at a sub-millimeter resolution (Fig. 19.5). The distribu-
tion of 137Cs was revealed at the tissue level and showed low 137Cs activity in the
plumule and radicle. These details were unclear in the images using RLG
(Fig. 19.5).
Figure 19.6 is a summary of the imaging techniques applicable to frozen
sections. A suitable technique must be chosen to achieve the scientific aim.
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19.3 Real-Time Radioisotope Imaging System
To understand the movement of solute in a plants, live imaging techniques are
especially useful in such dynamic context. It is necessary for live imaging tech-
niques to obtain data nondestructively. Radiation is a tool used to detect without
destruction. Most of the live imaging systems using radiation or radionuclides are
used in medicine, such as positron emission tomography (PET). There are several
systems used to analyze plants using PET knowledge, such as the plant tomographic
imaging system (PlanTIS) (Jahnke et al. 2009), or the positron emitting tracer
imaging system (PETIS) (Fujimaki et al. 2010). In these systems, two annihilation
RLG
MARmicroscopic image
Fig. 19.5 The 137Cs distribution in a rice grain visualized by RLG and MAR
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gamma rays, which are emitted from the positron emitting nuclide in a direction of
180, are detected simultaneously so that the spatial distribution of the positron
nuclide can be determined. Unfortunately, the half-lives of positron emitting
nuclides tend to be too short to record the nuclides for several days, such as 11C
with a half-life of 20.39 min. Moreover, there are a lot of elements that are
important in plant nutrition or harmful in the human diet, but have no available
positron emitting isotopes.
We have developed a live imaging system to analyze plants over a long period
with conventional radionuclides, called real-time radioisotope imaging system
(RRIS) (Nakanishi et al. 2009). The RRIS can be applied to many kinds of nuclides
available on the market because beta-rays and soft X-rays can be detected and the
dynamic range of detection is about 1000 times (Sugita et al. 2014); 137Cs, a beta-
ray emitter, may be analyzed using this system.
19.3.1 How to Detect Radionuclides in the System
There are four steps to visualize the nuclide distribution in a plant sample
(Fig. 19.7): (1) radiation is emitted from the radionuclides in a plant sample;
(2) radiation is converted to photons (visible light), using a fiber optic plate with
a scintillator (FOS); (3) visible light is converted to electrons, which are multiplied
by a micro channel plate (MCP) with a GaAsP photoelectric surface; (4) electrons
are detected using a charge-coupled device (CCD) camera. The image size is now
20 cm 10 cm, and the resolution is around a few millimeters. To record the very
Collecng samples with liquid nitrogen.
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Fig. 19.6 Choice of the techniques to visualize the nuclides distribution of the sections
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weak visible light, darkness is necessary between the scintillator and the camera.
Thus, we used two types of plant chamber to illuminate the plant.
19.3.1.1 Type I: Shielding from Light-Emitting Diodelight
The plant was enclosed in an aluminum chamber containing light-emitting diode
(LED) light to illuminate a plant leaf (Fig. 19.8 upper; (Yamawaki et al. 2010)). The
thickness of aluminum between the plant and the FOS is 50–100 μm, which is
enough to shield the visible light, but X-rays and relatively strong beta-rays can
penetrate through the 100-μm aluminum film. The chamber is set inside the dark
box and the CCD camera records the photons released from the FOS. The Type I
system can only be applied to nuclides that emit X-rays or relatively strong beta-
rays.
19.3.1.2 Type II: Intermittent Lighting System
An intermittent lighting system is employed for the RRIS, whereby the LED light is







Fig. 19.7 How to make an image by real-time radioisotope imaging system. The radiation from
the nuclides in a sample is converted to visible light by FOS containing scintillator. The
CCD-camera catches the light sequentially












Fig. 19.8 Two types of chamber employed in the RRIS. (a) The chamber is covered with
aluminum to prevent the LED light to leak to the CCD camera. (b) The chamber is open and the






Fig. 19.9 Microscope installed with the RRIS. The radiation from the nuclides in a sample was
converted to visible light by FOS and CCD camera captured the light passed through the objective
lends
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type II system is used to analyze low energy beta emitters such as 14C, 35S, and 45Ca
as well as the higher energy beta emitters. However, darkness is still necessary
during acquisition by the photon counting camera, which influences plant growth.
Therefore, a shorter acquisition time would be better during the daytime.
In addition to the two systems, in order to observe in greater detail, we have
developed a RRIS fluorescent microscopy system (Kobayashi et al. 2012) to
provide sub-millimeter resolution and to acquire images of radionuclides, as well
as fluorescence, chemiluminescence and differential interference contrast from a
single sample (Fig. 19.9).
19.3.2 Example: Real-Time Radioisotope Imaging System
for Rice in a Paddy Soil
To analyze the Cs movement around the roots (rhizosphere) in a rice plant, we
performed a 137Cs tracer experiment with paddy soil from Fukushima and rice
plants (Fig. 19.10). We set the rice plant with or without soil in a chamber and
collected sequential images every 10 min. The rice plant without soil absorbed
137Cs from the roots and transported it to the leaves within 4 h after 137Cs addition,
whereas a signal in the leaves of the rice plant with soil was detected 16 h after
adding 137Cs, indicating that Cs fixation in the soil plays an important role to reduce
Cs in the plant.
0 h 4 h 8 h 12 h 16 hwater soil
photographing range
Fig. 19.10 The 137Cs distribution in rice plants grown in a culture solution or paddy soil. The
137Cs was added in a culture solution or paddy soil. The images were captured every 10 min
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19.4 Potassium-42
Cesium and K are both monovalent cations in a solution and their movement in
animals and plants have been reported to be similar (Zhu and Smolders 2000;
Hampton et al. 2005). A tracer experiment was needed to record the ions; however,
there was no available isotope of potassium with a long half-life. Potassium-38 has
a half-life of 7.6 min, can be made by a cyclotron, and can be applied to plants
(Tanoi et al. 2005); however, it is impossible to record it for several hours.
Candidates for plant analysis are 42K (half-life is 12.4 h) and 43K (half-life is
22.6 h), which are generally made by a cyclotron (Clark et al. 1972) but not readily
available. In order to use a more convenient potassium isotope, a 42Ar–42K gener-
ator was used (Wegmann et al. 1981). Since the half-life of 42Ar is about 33 years,
the generator can provide 42K (a daughter nuclide of 42Ar) for several decades by
milking from the 42Ar–42K generator. The 42Ar–42K generator was used commer-
cially in Japan in the 1980s and now they are used for plant research. We introduce
the use of 42K for researching potassium movement in a rice plant.
19.4.1 Methods
42K was obtained from the 42Ar–42K generator using the method of Homareda
(Homareda and Matsui 1986) with minor modifications. In this generator, 42Ar,
produced by the 40Ar(t, p)42Ar reaction in a cyclotron (Wegmann et al. 1981),
decays to continuously produce 42K. A steel cathode is inserted into the generator
and (a tension of) approximately 60 V is applied to accumulate the positively
charged 42K (Fig. 19.11). The cathode was then washed with a solution to extract
the 42K+. The radioactivity of the extracted solution was measured using a liquid
scintillation counter (LSC 6100; ALOKA).
19.4.2 Examples
The movement of 42K in a rice plant was visualized using RRIS as well as in an
Arabidopsis (Aramaki et al. 2015). Two-weeks-old seedlings were placed in a RRIS
chamber with 3 ml of culture solution containing 6 kBq of 42K. The 42K signal from
the sample was recorded every 15 min for 12 h and the signals were calculated by
Image J software taking the half-life into account (Fig. 19.12). The signals coming
from both the culture solution and the rice plants were observed by the system: this
revealed that the rice plant absorbed most of the 42K in the culture solution in 3 h.
Using concurrent measurements, the movements of 42K and 137Cs were compared.
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Fig. 19.11 The 42Ar–42K generator. A charge of 60 V was applied to the cathode to attract ionized
42K. A few days after, the extracting solution was filled into the pipette in which the cathode was
placed to obtain the 42K
0 h 3 h 6 h 9 h 12 h
Fig. 19.12 42K distribution in a rice plant observed by RRIS. The images were captured every
15 min and the shown images were calculated considering the half life of 42K
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19.5 Summary
We introduced some new techniques for visualizing radionuclides including
radiocesium. There are several choices of imaging techniques. To observe the
radiocesium distribution in a thin sample, RLG with an IP would be the most
convenient technique. When it is necessary to observe the radiocesium distribution
in detail, frozen section imaging with RLG or MAR are useful for the distribution
can be observed at a resolution of tens to hundreds of micrometers. As a live
imaging system, RRIS can contribute to understanding the movement of
radiocesium in plants. With these imaging techniques, as well as with nuclides
such as 137Cs, 42K, and 22Na, we can access important information to solve the
problem of radiocesium contamination in crops, plants, and the environment.
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